Chlorinated aromatic compounds are a major group of chemicals responsible for environmental pollution. They are highly toxic and resistant to degradation, and thus they accumulate in the environment. Many of these compounds are widely used as herbicides (5) . Residual amounts of herbicide can persist for a significant period after application. This may have detrimental effects on the ecosystem (4) . The degradation of herbicides in the soil environment, like that of any hydrocarbon, is affected by environmental conditions. Two chlorinated aromatic herbicides commonly used in both agriculture and forestry for vegetation control are 2-chloro-4-ethylamino-6-isopropylamino-s-triazine (atrazine) and 2,4-dichlorophenoxyacetic acid (2,4-D) .
Atrazine is a complex aromatic compound which is commonly used as a pre-and postemergence herbicide for broadleaf and grassy vegetation (4, 18) . In Christmas tree plantations and conifer reforestation areas, it is often used for selective weed control. On noncropped land, it is used at higher concentrations for nonselective vegetation control. Application as a preemergence control agent is preferred. The herbicide is absorbed through the plant roots and is translocated through the xylem to the leaves and apical meristem, where chlorosis and death are caused by inhibition of photosynthesis. It can also be absorbed by the leaves, but this amount is usually quite small and is dependent on environmental conditions (4) . Atrazine is readily adsorbed to clay soils. Leaching through the soil is limited due to its adsorption to soil particles; however, the adsorption is reversible. Due to its extremely slow degradation, residual amounts of atrazine can be found in the soil for an extended time after application, especially in cold, dry climates (4) . Microbial degradation of atrazine has been observed by * various researchers (3, 10, 15, 27) . Atrazine degradation involves hydroxylation, dealkylation, and ring cleavage (10, 11, 15) .
The aromatic compound 2,4-D is widely used as a systemic herbicide for controlling broadleaf vegetation (4, 18) . It is usually applied as a postemergence herbicide. The salt forms of 2,4-D are readily absorbed by plant roots and move upward in the transpiration system. The ester forms of 2,4-D are readily absorbed by the leaves and are converted to the acid form by the plant. The acid is then translocated within the phloem. The herbicide accumulates mainly at the meristematic regions of the roots and shoots (4) . Because it is an extremely active auxin, 2,4-D causes the plant to grow too fast, changing the normal growth patterns and resulting in death of the plant (12) . Microbial degradation of 2,4-D is known to occur in warm, moist soil; however, the rate is very dependent on environmental conditions and soil characteristics (4). Microbial degradation of 2,4-D has been shown with both pure cultures and mixed cultures (16, 21, 25) .
Although microbial degradation of herbicides has been observed, it is not known whether ectomycorrhizal fungi can degrade herbicides. The classical thought is that mycorrhizal fungi provide the host plant with minerals as the host plant provides the fungi with carbohydrates (13) . Studies show that several mycorrhizal fungi are capable of degrading and utilizing carbohydrates usually found in the litter layer (17, 26) . Mycorrhizal fungi have also been shown to degrade lignin, a complex, aromatic plant polymer (7, 14, 26) . Several species have also been shown to have the enzymes necessary to degrade other complex, aromatic compounds present in the soil (2, 28) . Aust (1) Ten milliliters of medium with herbicide was pipetted into 60-mm-diameter petri dishes. Each plate was then inoculated with a 3-mm agar plug of the specific culture and placed in a sterile 0.89-liter container with two vials. One vial contained 5.0 ml of 1 N NaOH as a CO2 trap, and the second vial contained 20 ml of distilled H20 to maintain the humidity (9) . The containers were sealed, and the samples were incubated at 22°C for 8 weeks. There were five replicates of each culture; uninoculated plates were used as controls. Each experiment was repeated; therefore, analysis of data was performed with a total of 10 replicates per treatment.
14Co2 determination. After 8 weeks of incubation, the containers were opened, and the vials containing NaOH were removed. The 14C02 was quantified with standard liquid scintillation methods as follows (8) . From each vial, 0.5 ml was removed and transferred to a new vial to which 1.0 ml of distilled H20 was added and mixed. Then, 17.0 ml of aqueous scintillation cocktail (Bio-Safe II; Research Products International Corp., Mt. Prospect, Ill.) was added, mixed, and allowed to sit overnight at 22°C in the dark for chemiluminescence to subside. The samples were then counted in a Beckman LS 7500 autoscintillation counter.
Fungal dry weight. Fungal dry weight was quantified as follows. The agar and fungal colonies were removed from the petri dish, placed in 200-ml beakers containing distilled H20, and steamed until the agar had liquefied (6, 20) . The samples were vacuum filtered on 0.2-,m filters and washed with unlabelled herbicide solution at a concentration 10 times that of the herbicide solution used in the incubation medium to replace any labelled herbicide bound to the cell wall surfaces. The fungal tissues were then dried at 70°C and weighed (19 Atrazine. When the medium contained 1 mM ammonium tartrate and 4 mM atrazine, all cultures grew, but none mineralized atrazine after 8 weeks of incubation (Table 2) . There were significant amounts of carbon from atrazine incorporated into the biomass (Table 2 ). H. ericae, Rhizopogon vulgaris S-251, and T. darken had the highest amounts of atrazine carbon measured in the tissue. The total amount of atrazine degradation did not differ between H. encae and R. vulgaris S-251 (Table 2) . When the medium was supplemented with 1 mM atrazine and had no ammonium tartrate added, all of the cultures grew, but there was no mineralization of the herbicide. H. encae had the highest amount of 14C measured in its tissue (1.80%), but was not significantly different from 0. griseum (1.34%). The total amount of 14C recovered followed the same pattern as the amount of 14C measured in the microbial tissue. H. encae and 0. griseum had the highest total atrazine degradation levels (1.93 and 1.47%, respectively).
When the atrazine concentration remained at 1 mM and the nitrogen concentration was increased to 1 mM, none of the cultures mineralized the atrazine (Table 3 ). H. encae had the highest amount of incorporation of radioactivity into its tissue and was significantly higher than all of the other cultures (Table 3) . When looking at the total amount of atrazine degraded, H. ericae degraded significantly more atrazine than the other cultures and was followed by 0. griseum and R vinicolor (Table 3) .
When the ammonium tartrate concentration was increased to 10 mM and the atrazine concentration remained at 1 mM, no atrazine mineralization occurred ( Table 4 ). The ericoid mycorrhizal fungus H. ericae incorporated significantly higher amounts of radioactivity into its tissue than the other cultures (Table 4) . 0. griseum did not incorporate as much 14C-atrazine into its tissue as H. encae, but it did incorporate more 14C-atrazine into its tissue than the remaining cultures. (Table 4) . 0. griseum degraded less total atrazine than H. enicae, but these two fungi degraded more total atrazine than the remaining cultures. DISCUSSION The data show that both the mycorrhizal and nonmycorrhizal fungi were capable of degrading the two aromatic herbicides. In all but 2,4-D degradation by P. chrysosponum, degradation consisted of incorporation of herbicide carbon into tissue, not mineralization. The assay used did not allow for determination of the chemical form of the incorporated herbicides within the microbial tissues. The amount of 14C recovered either as CO2 or in the tissue varied considerably among the different fungi. The ability to degrade these aromatic herbicides appears to be dependent on the specific fungus and the herbicide. Our data indicated that P. chtysosponum was the best 2,4-D-degrading microorganism, with most of the substrate being mineralized instead of being incorporated into the tissue. However, P. chrysosponum was not able to mineralize atrazine. The ericoid mycorrhizal fungi were the best cultures at degrading atrazine. Both the nitrogen and herbicide concentration affected 2,4-D and atrazine incorporation values. As the nitrogen concentration increased, the total herbicide incorporation increased. The values for the percentage of 14C02 recovered, other than for 2,4-D with P. chrysosponum, are lower than the level of possible contamination of the 14C-labelled herbicides (1 to 2%). Therefore, we cannot conclusively state that 2,4-D or atrazine was mineralized significantly by any of the microbes other than P. chrysosporium (Table 1) . Still, the fungi tolerated the herbicides, other than 2,4-D at a 4.0 mM concentration, and incorporated significant amounts into their tissues. The fact that no mineralization of atrazine was detected agrees with the results of Kaufman and Blake (15) , who reported no mineralization when using 14C-ringlabelled atrazine. Mineralization was measured only when 14C-chain-labelled atrazine was used (15) . Wolf and Martin f27) also reported no mineralization by soil fungi when using 4C-ring-labelled atrazine; however, approximately 25% of the atrazine was associated with the fungal cell material.
Our data are conservative because the substrates were labelled only on the ring structure. Degradation of the side chains of atrazine could have occurred, but would not have been detected. Our methods also only detected the amount of 2,4-D or atrazine mineralized to CO2 and the amount incorporated into the tissue. We did not measure the amount of intermediate compounds present in the medium or the amount of those which had been exported from the cell. The degradation pathways of 2,4-D and atrazine have been investigated, and the intermediate compounds are known for some systems (5, 11, 15) .
When the fungus is growing with the host plant, it has an ample supply of carbohydrates provided by the host plant for growth. It is known that extracellular enzymatic activity of the fungus dramatically increases when the fungus is growing with the host plant versus growing in pure culture. If the herbicide is applied to an established mycorrhizal fungal culture growing with the host plant, there may be an increased degradation rate due to an increase of biomass and enzymatic activity. Future studies are needed to determine how the degradation rate is affected when the mycorrhizal fungi are in the symbiotic relationship with the host plant. The environmental factors which affect the degradation of these herbicides by the mycorrhizal fungi also need to be investigated. These fungi may play an important ecological role in the degradation and/or transport of aromatic compounds in the soil.
